Abstract Microfluidization, which is a high-pressure homogenization technique, was used to develop highly dispersed cellulose nanocrystal (CNC) reinforced chitosan based nanocomposite films. A three factor central composite design with five levels was designed to systematically optimize the microfluidization process. The three factors were the CNC content, the microfluidization pressure and the number of microfluidization cycles. Response surface methodology was used to obtain relationship between the mechanical properties of the nanocomposite films and the factors. Polynomial equations were generated based on the regression analysis of the factors and the predicted properties of the nanocomposite films were in good agreement with the experimental results. Microfluidization effectively reduced the CNC-chitosan aggregates and improved the mechanical properties of the nanocomposite films.
Introduction
Cellulose constitutes the main structural component of plant cell walls and is the most abundant of the renewable polymers in nature. Cellulose based nanofiber such as Cellulose nanocrystal (CNC), is a prime example of nanofiber obtained from natural sources. CNCs are natural, non-toxic, highly crystalline, rod shaped nanoparticles that can be extracted though selective isolation from cellulosic sources by a controlled acid hydrolysis process and obtained as an aqueous suspension of nanocrytals (Moon et al. 2011; Habibi et al. 2010) . The properties of the CNC suspension can be affected by the selection of acid used for the hydrolysis process. For example, sulfuric acid provides highly stable aqueous suspensions due to the grafting of negatively charged sulfate groups on the surface of the CNC whereas use of hydrochloric acid can lead to CNC with minimal surface charge (Beck-Candanedo et al. 2005) . The CNC extracted from bleached softwood pulp with a sulfuric acid hydrolysis exhibit an average length of 110 nm for a width of 5-10 nm (Dong et al. 1998) . The stability of CNC suspension is affected by the incorporation of electrolytes in the suspension. The electrolytes reduce the inter particle repulsion of CNC by partially screening the sulfate half-ester groups (Beck-Candanedo et al. 2011) . A high-pressure homogenization technique such as microfluidization can be adopted to achieve proper dispersion of the CNC within the polymer matrix. Microfluidization provides an innovative approach to develop processing paths that break down aggregates and maximizes CNC distribution within the polymeric matrix. The applications of a microfluidizer include development of highly stable nanoemulsion or nanodispersions, disruption of cells, micro/nano encapsulation of bioactive compounds in polymer, etc. (Jo and Kwon 2013; Atalay et al. 2011; Jafari et al. 2007 ). Microfluidization has also been used effectively for the preparation of cellulose microfibrils from wood (Lee et al. 2009; Zimmermann et al. 2004 ) and non-wood pulp (Ferrer et al. 2012) .
Chitosan is a partially deacetylated derivative of chitin, which is the second most abundant natural polysaccharide in nature after cellulose. Chitosan is a hetero-polysaccharide composed of 2-amino-deoxyb-D-glucopyranose and 2-acetamido-deoxy-b-D-glucopyranose (chitin) residues (Kumar et al. 2004 ). Due to its non-toxic, biodegradable and biocompatible properties, chitosan is used in several fields such as food packaging, biotechnology, medicine, drug delivery, membranes, hydrogels, adhesives, antioxidants, biosensors, artificial bones, and in gene therapy (Prashanth and Tharanathan 2007) . The presence of 2-amino-deoxy-b-D-glucopyranose (N-glucosamine) allows protonation of chitosan when the pH turns acidic. As a result, the colloidal suspension of chitosan is highly cationic and has the ability to form polyelectrolyte complexes (PECs) with other anionic polysaccharides or molecules (Berger et al. 2004) .
Bionanocomposites can be defined as a family of materials consisting of a biopolymeric matrix and reinforced with nano-sized fiber, which is obtained from renewable sources (Habibi et al. 2008) . Over the years, CNC based bionanocomposites have attracted significant attention due to their renewable nature as well as potential application in various fields (Khan et al. 2014; Miao and Hamad 2013; Eichhorn 2011) . Recently, CNC has been used to enhance the mechanical properties of biopolymers such as chitosan (Pereda et al. 2014; Khan et al. 2012) . The enhanced mechanical properties of the CNC reinforced chitosan films can be attributed to the formation of PECs due to the favorable interaction between the anionic sulfate groups of CNC and the cationic amine groups of chitosan (De Mesquita et al. 2010) . However, if the electrostatic interactions are too strong, precipitation and/or aggregation of the complexes may occur (Berger et al. 2004) . As a consequence, the bionanocomposites may not possess desired mechanical properties.
In our previous study, a diluted CNC suspension (0.1 % w/v) was used to fabricate chitosan based nanocomposite films and 3-5 % of CNC (in dry wt.) loading was optimum with regards to the mechanical strength of the films . However, the mixing of a concentrated CNC suspension (1-2 %) with a chitosan solution was found to be problematic regardless of the CNC loading, as no significant improvement in the mechanical strength of the films was observed. In order to obtain significant increase in mechanical strength, CNCs should be homogeneously distributed in the chitosan matrix. Microfluidization provides a highly novel and innovative approach for the development of high strength bionancomposites films by achieving homogeneous distribution of CNC nanofibers. However, to our knowledge there have not been any studies investigating the role of microfluidzation on the distribution of CNC nanofibers in biopolymeric matrices.
The main objective of the present study was to achieve proper dispersion of CNC within chitosan matrix by utilizing microfluidization. The mechanical properties of the CNC reinforced chitosan based films were used as an indirect measurement to estimate the homogeneity of CNC dispersion within the chitosan matrix. A central composite design (CCD) and Response surface methodology (RMS) was used to find out the optimized CNC concentration, microfluidization pressure and number of microfluidization cycles. Field emission scanning electron microscopy (FE-SEM) and atomic force microscopy (AFM) was used to investigate the extent of CNC dispersion in the bionanocomposite films.
Materials and methods

Preparation of the nanocomposite suspensions
At first, the polymer suspension was prepared by dissolving a 2 % w/v of high mol. wt. chitosan (DD: 85-90 %, 85/2500 Heppe-medical GmbH, Germany) into a 2 % (w/v) of aqueous acetic acid (Laboratoire Mat, Beauport, Quebec, Canada) solution under magnetic stirring. After that a 0.5 % ethylene glycol (Laboratoire Mat, Beauport, Quebec, Canada) was incorporated into the chitosan solution and was magnetically stirred overnight at room temperature. Then, a 2 % w/v of aqueous CNC suspension was prepared by dispersing spray dried CNC powder (FPInnovations, Pointe-Claire, QC, Canada) in deionized water under magnetic stirring, followed by ultrasonication (QSonica Q-500, Misonix, Qsonica, LLC, Newtown, CT, USA) at 1,000 J/g of CNC. The prepared CNC suspension was then incorporated into the chitosan/ethylene glycol solution at different concentration and was pre-homogenized for 3 h with IKA RW-20 (IKA Ò Works Inc., Wilmington, NC, USA) mechanical homogenizer at 1,500 rpm at room temperature and kept in a beaker prior to microfluidization.
Experimental design
A CCD is an experimental design, useful in RSM, for building a second order (quadratic) model for the response variable without needing to use a complete three-level factorial experiment. The design consists of three distinct sets of experimental runs; (1) a factorial design in the factors studied; (2) a set of center points, experimental runs whose values of each factor are the medians of the values used in the factorial portion. This point is often replicated in order to improve the precision of the experiment; and (3) a set of axial points, experimental runs identical to the center points except for one factor, which will take on values both below and above the median of the two factorial levels, and typically both outside their range. All factors are varied in this way (Adjallé et al. 2011 ). This experiment was designed using a three factor CCD with three replicates at the center point to build the response surface model. Multiple center points were chosen as it allows substantial degrees of freedom for estimating pure error of the design. The three independent variables were CNC concentration (0-10 % w/w of chitosan, X 1 ), microfluidization pressure (5,000-15,000 psi, X 2 ) and number of microfluidization cycles (0-10, X 3 ). Table 1 represents the principal values of the three independent variables at five levels (-2, -1, 0, 1, 2). Preliminary experiments were carried out to determine the center point values of the independent variables.
Microfluidization of the nanocomposite suspensions
A schematic representation of the basic operation of a microfluidizer is presented in Fig. 1 . The CNC/ chitosan suspensions were introduced in the inlet reservoir of the microfluidizer (Microfluidics Inc., Newton, MA, USA). The on-board electric-hydraulic drive powers a pump capable of operating at a pressure of 5,000-30,000 psi (34-207 MPa). The pump drives the suspension to the interaction chamber of the machine at constant pressure. The interaction chamber of the microfluidizer is Y-shaped and equipped with micro-channels through which the suspensions are separated and collided with one another from opposite directions at high velocities, thus creating a tremendous shearing action. After that, the microfluidized suspension flows through an external coiling. Ice was placed on the cooling jacket in order to negate overheating of the suspensions due to microfluidization. At this point, microfluidized suspension may be re-circulated through the system for additional cycling Microfluidization pressure X 2 (psi) 5,000 7,000 10,000 13,000 15,000
Number of cycles X 3 0 2 5 8 1 0
Cellulose (2014) 21 :3457-3468 or collected from the outlet reservoir. According to the CCD, the CNC/chitosan suspensions were subjected to different microfluidization pressures and number of cycles in a continuous operation mode.
Preparation of the nanocomposite films
The films were prepared by casting a 15 mL of the CNC/chitosan suspension on Petri dishes which was allowed to dry at room temperature and 30-35 % RH. Films were then washed with 1 M NaOH (Laboratoire Mat, Beauport, Quebec, Canada) for 2 min, washed several times with deionized water and were allowed to dry. All the films were stored at room temperature in a desiccator filled with saturated NaBr solution to ensure a stabilized atmosphere of 60 % relative humidity.
Measurement of the mechanical properties of the nanocomposite films
The mechanical properties of the films such as tensile strength (TS), tensile modulus (TM) and elongation at break (Eb %) were measured by using Universal Testing Machine (model H5KT, with a 100 N load cell, Tinius-Olsen, Horsham, USA). The samples were cut using ASTM procedure D 638-99 and the film thickness was measured using a Mitutoyo Digimatic Indicator (Type ID-110E; Mitutoyo Manufacturing Co. Ltd., Tokyo, Japan) at five random positions around the film.
Field emission scanning electron microscopy (FE-SEM)
The FE-SEM imaging of the film samples (5 9 5 mm 2 ) were performed on an Environmental SEM (ESEM, Quanta 200 FEG, FEI Company Hillsboro, OR, USA) under high vacuum mode with an accelerating voltage of 20.0 kV at 0°C temperature. The microscope was equipped with an energy dispersive X-ray (EDX) spectrometer (Genesis 2000, XMS System 60 with a Sapphire Si/Li detector from EDAX Inc. Mahwah, NJ, USA).
Atomic force microscopy (AFM) Nanocomposite films were taped onto magnetic sample holder and the AFM images were captured using a MultiMode Nanoscope IIIa (Digital instrument, Santa Barbara, CA). The topographic height images were obtained in tapping mode in air using silicon cantilevers (Nanoworld, U.S.A). Nanoscope Analysis 1.4 (Bruker, Santa Barbara, CA) software was used to measure the root mean square surface roughness (Rq) of the film samples.
Statistical analysis of the design RSM was adopted to determine the relationship between the independent variables (CNC concentration, microfluidization pressure and number of cycles) and the dependent variables (TS, TM and Eb %) of the CNC/chitosan films. The mechanical analysis was performed with six different films specimens of the same suspension and the average value was reported. The results of the CCD experiments and values of the dependent variables were analyzed by STATISTICA 12 (STATSOFT Inc., Tulsa, US). The effects of independent variables on the Y response of the dependent variables were analyzed according to a polynomial model of second order of surface response given by the following general Eq. (1).
where Y is the predicted response; A o , intercept; X i and X j are values of various levels of the independent variables; Ai is the values of linear coefficients; and Bij is the values of quadratic coefficients (Adjallé et al. 2011) . Results and discussion
Regression analysis of the design
An analysis of variance (ANOVA) test was performed on the responses to determine the lack of fit and the significant effect of the independent variables on the CNC/chitosan films. The lack of fit test is a measure of the failure of the model to represent data in the experimental region in which points were not included in the regression. None of the 3 models demonstrated any significant lack of fit. The regression table was used to determine the significance of the linear, quadratic and interaction constant coefficients. The full experimental design with three replicates at the center point and the results obtained for the dependent variables are presented in Table 2 . It was observed that the TS and TM of the nanocomposite films increased with the increase of CNC concentration (X 1 ). Microfluidization pressure (X 2 ) and number of cycles (X 3 ) also affected the values. The response surface regression analyses for the mechanical properties of the films are presented in Table 3 . The P values, presented in Table 3 , quantify the significance of each factor in the polynomial model. The coefficients with P value of B0.05 were considered significant. The factors with positive regression coefficient impart a positive effect on the polynomial model and vice versa. In the current study, the overall regression coefficient (R 2 ) of the response surface model for the TS values was found to be 98.3 %. A R 2 value of 98.3 % indicates that 98.3 % of the variation in the responses could be explained by the combination of the responses. The R 2 value is of prime importance in a predictive modeling system involving optimization of several factors. A high R 2 value implies that the polynomial model is accurate in predicting the responses of the system (Balachandran et al. 2012 ). The R 2 values for the TM and Eb % of the films were 95.5 and 56.5 %, respectively.
The linear coefficient of variables CNC (X 1 ), Pressure (X 2 ) and Cycle (X 3 ) all produced statistically significant (P B 0.01) linear positive and quadratic (X 1 2 , X 2 2 , X 3 2 ) negative effects on the TS and TM of the films. It turns out that CNC with higher coefficient values greatly influenced the response surface model of TS and TM, more than the pressure and cycles. There was also statistically significant (P \ 0.01) negative effect of the interaction coefficient of CNC and Pressure (X 1 9 X 2 ) on the independent variables. Although the interaction coefficient of CNC and Cycles was not statistically significant (P [ 0.05) but was kept in the polynomial equation in order to negate an underestimation of TS values. Based on the regression analysis, the polynomial equation obtained for the TS and TM is given in Eqs. 
The Eb % of the films was negatively affected quadratic coefficient of microfluidization cycles (X 2 2 ) whereas the interaction coefficient of pressure and cycle (X 2 9 X 3 ) imparts a positive effect on the values. The linear positive effect of CNC and quadratic positive effect of pressure was not included in the equation as they were not statistically significant (P [ 0.05). The polynomial equation for Eb % is given in Eq. (4). EB% ¼ 11:07 À 0:09 Â X 2 3 þ 9:05 Â 10
Surface morphology of the nanocomposite films
There was clear visible difference between the microfluidized (Fig. 2b) and non-microfluidized ( Fig. 2a) suspensions at the same CNC concentration. As a matter of fact, the non-microfluidized nanocomposite suspension exhibited visible aggregation, when kept in a falcon tube for a week. No such aggregation was observed for the microfluidized suspensions. The films prepared from non-microfluidized suspension also appeared to be very opaque (Fig. 3a) . On the contrary, films prepared from the microfluidized CNC/ chitosan suspensions appeared to be transparent (Fig. 3b) . The FE-SEM analysis of the CNC/chitosan films was carried out in order to verify the distribution and/or aggregation level of CNC within the chitosan matrix. FE-SEM is a very convenient method of microscopic analysis to verify the presence of aggregates on the nanocomposite films, as it eliminates the need for any conducting coating thus preventing potential damage of the samples due to coating (Kvien et al. 2005) . The micrographs of the non-microfluidized films appeared to have a heterogeneous surface containing cracks and deflection sites (Fig. 4a) . Large chunks of aggregates were visible throughout the film \0.01
N/A not applicable for the model indicating poor CNC dispersion. As mentioned before, the formation of PECs between CNC and chitosan could be responsible for these aggregations. The micron-sized aggregates were visible even at a low magnification level of 4009 and aggregates with sizes as high as 100-150 lm could be observed. The microfluidized films exhibited a homogeneous structure (Fig. 4b) , which indicates proper dispersion of CNC within chitosan. Although few aggregate can still be observed at high magnification level (at 2,0009). It is interesting to note that the sizes of the remaining aggregates appeared much smaller than those of nonmicrofluidized films and were in the range of 5-10 lm. So, it was possible to reduce the size of the aggregates by 10-15 times by utilizing a microfluidization pressure of 10,000 psi and passing the suspension through five cycles. Therefore, the improved mechanical properties of films can be attributed to the breakdown of aggregates and homogeneous distribution of CNC in the matrix. The AFM was used to obtain a detailed observation of the nanocomposite films surfaces at high resolution. The AFM images of the non-microfluidized films (Fig. 5a ) revealed phases of aggregation in agreement with the FE-SEM micrographs. It was not possible to observe the orientation of CNCs within the matrix probably due to the presence of micron-sized aggregates. The CNCs in the microfluidized films appeared to be uniformly distributed thorough out the film (Fig. 5b) . The root mean square roughness (Rq) of the nonmicrofluidized films (1.22-1.47 nm) was much lower than that of the microfluidized films (2.03-2.52 nm). The difference in the Rq value of the films is very interesting because both microfluidized and nonmicrofluidized films have the same CNC content of 5 % w/w. The high Rq value of the micro-fluidized films can be attributed to the better distribution of CNC within the polymer matrix. The Rq of the chitosan films was found to increase with the incorporation of cellulose based nanofiber (Azeredo et al. 2010 ). An increase in the Rq of agar based films with increase in nanoclay concentration up to 10 % w/w of clay incorporation and then leveled off, which was attributed to the aggregation of clay above the threshold concentration (Rhim 2011) .
Response surface plots
In order to properly understand the influence of the independent variables on the dependent variables, three-dimensional (3D) response surface plots were drawn. The Fig. 6 presents a 3D response surface plot for the TS of the films as a function of CNC concentration (X 1 ) and microfluidization cycles (X 3 ), while keeping the microfluidization pressure (X 2 ) constant was fixed at 7,000 psi. We can observe that both the CNC (X 1 ) and microfluidization cycles (X 3 ) improved the TS of the films. The TS of the films increased with the increase in CNC concentration up to 9 % and no more increase can be observed beyond this value. This could be due to the fact that CNC, having reached this concentration within the matrix, does not participate further in the stress transfer of the nanocomposite films (Huq et al. 2012) . The TS of the films demonstrated a parabolic shape with regards to the microfluidization cycles (X 3 ). Both low and high number of cycles resulted in a decrease in TS values, while the optimum condition was located at the middle portion of the graph. By passing the CNC/chitosan suspensions through 5-7 microfludization cycles, it was even possible to improve the TS of the films while keeping the CNC concentration low (2-3 %). Based on the analysis of the data presented in Fig. 6 , it turns out that a high CNC concentration and use of 5-7 aggregation and uneven distribution of CNC within the chitosan matrix. The strong electrostatic interaction between CNC and chitosan could be responsible for this aggregation (De Mesquita et al. 2010) . When polymer suspensions are subjected to microfluidization, high mechanical stress is developed on polymer molecules due to the simultaneous generation of shear, turbulence, impact and cavitation forces (Chen et al. 2013; Tsai et al. 2009; Kasaai et al. 2003) . However, at shorter cycles the exposer time of the colliding particles at the interaction chamber was limited. As a result, the critical mechanical stress required to breakdown the aggregation was not achieved and this microscopic phenomenon was reflected on the macroscopic mechanical properties of the films. The increase in the number of microfluidization cycles allowed build up of the mechanical stress sufficient enough to breakdown the CNC-chitosan aggregates and help homogeneous distribution of CNC within the chitosan matrix. Therefore, the reinforcing effect of CNC observed in the current study can be explained by adopting the mean field mechanical model. This model describes mechanical properties of nanofiber-reinforced composites based on homogeneous distribution of CNC in the polymer matrix (Favier et al. 1996) . Microfluidization allowed proper dispersion of CNC within the chitosan matrix, which minimized stress concentration and allowed efficient load transfer to the CNC-chitosan network (Kanagaraj et al. 2007 ). Laneuville et al. (2013) reported disruption of large aggregates and reduction in the aggregate concentration of the aqueous xanthan gum suspension due to microfluidization. The increase in the number of cycles increases the exposure time of the nanocomposite suspension towards high shear forces operating in the microlfluidizer. Kasaai et al. (2003) reported microfluidization induced degradation of chitosan solution increased with the increase in microfluidization pressure, exposure time and initial molecular weight of chitosan. The authors also reported a linear decrease in degradation with increase in chitosan concentration. Prolonged exposure (higher number of cycles) could have detrimental effect on the nanocomposite suspension as extreme shear forces lead to the chain scission of the polymer matrix (Ferrer et al. 2012; Tsai et al. 2009; Kasaai et al. 2003) . The reduction of the TS and TM values of the CNC/chitosan films obtained at higher number of cycles could be attributed to the fragmentation of chitosan chains under extreme shear forces. The Fig. 8a illustrates 3D response surface plot for the Eb % as a function of CNC concentration (X 1 ) and microfluidization cycles (X 3 ). It is very interesting to note that the Eb % of the films increased with the increase of CNC concentration. While some researchers reported a decrease in the Eb % of the nanocomposite films with the increase in nanofiber concentration Azeredo et al. 2010; Azizi Samir et al. 2004) , others reported an increase in the Eb % (Dogan and McHugh 2007; Wu et al. 2007 ). The improved flexibility of the films was attributed to the better dispersion of the nanofiber within the polymer matrix. In the current study, the interaction coefficient of microfluidization cycles and pressure b 3D response surface plot of Eb % obtained by varying microfluidization pressure (X 2 ) and microfluidization cycles (X 3 ) while keeping CNC concentration (X 1 ) constant at 8 % was found to have a statistically significant (P B 0.01) positive effect on the Eb % values (Eq. 4). Therefore, another 3D surface response surface plot for the Eb % was drawn by varying microfluidization pressure (X 2 ) and cycles (X 3 ) while keeping the CNC concentration (X 1 ) constant (Fig. 8b) . From Fig. 8b we can observe that a combination of 6,000-12,000 psi pressure and 3-5 microfluidization cycles provided the maximum Eb %. Therefore, the increase of Eb % of the films in the current study can be attributed to the microfluidization operation. The breakdown of CNC-chitosan aggregates accompanied by homogeneous distribution of CNC in chitosan matrix; may have facilitated to the higher Eb % of the films.
Critical value of the factors
Based on the analysis of regression, the statistical analysis software (STATISTICA 12) can propose critical values of each factor to obtain a maximum value of the responses (dependent variables). A CNC concentration of 9.2 % w/w, a pressure of 7665 psi and a microfluidization cycles of six are required to obtain a maximum of 155.5 MPa for TS, whereas, 8.9 % w/w CNC, 6662 psi pressure and five microfluidization cycles are required to obtain a maximum TM of 5,124 MPa. Critical values for Eb % could not be obtained, as the factors did not have any statistically significant (P [ 0.05) linear effect on the response. However, from the response surface plot it is obvious that 14 % or more Eb % can be obtained by passing the nanocomposite suspensions at 6,000-12,000 psi pressure and 3-5 microfluidization cycles. Considering the critical values of the responses, we can assume that a 8-9 % w/w CNC, 6,500-8,000 psi pressure and 5-6 microfluidization cycles would provide the best mechanical properties of the nanocomposite films.
Conclusion
Microfluidization was used to optimize the fabrication of CNC reinforced bionanocomposite films according to a CCD. The mechanical properties of the films were measured and RSM was adopted to analyse the design. The CNC concentration, the microfluidization pressure and the number of microfluidization cycles were found to have statistically significant linear positive effect on both the TS and TM values of the films. Combination of microfluidization pressure and cycles improved the flexibility (Eb %) of the films. The enhanced mechanical properties of the films were attributed to the breakdown of CNC-chitosan aggregates and homogeneous dispersion of CNC within the chitosan matrix. Microscopic analysis of the films confirmed the hypothesis and revealed a 10-15-fold reduction in the size of the aggregates as a result of microfluidization. Therefore, microfluidization provides an innovative approach to improve CNC distribution in the chitosan matrix and develop bionanocomposites with high mechanical properties.
